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\ Abstract

The dynamic stall characteristics of
eight airfoils have been investigated in
sinusoidal pitch oscillations over a wide
range of two-dimensional unsteady flow
conditions. The results provide a unique
comparison of the effects of section geom-
etry in a simulated rotor environment.
Important differences between the various
airfoils were observed, particularly when
the stall regimes were penetrated only
slightly. Under these circumstances, the
profiles that stall gradually from the
trailing edge appear to offer an advan-
tage. However, all of the airfoils tended
increasingly toward leading-edge stall
when both the severity of dynamic stall
and the free-s:iream Mach number increased.
In all cases, the parameters of the
unsteady motion appear to be more impor-
tant than airfoil geometry for configura-
tions that are appropriate for helicopter
rotors.

\ Introduction

RetrLating-blade stall is a well-
known limiting factor for the high-speed
performance of most modern helicopters.
In the past decade numerous new airfoil
designs have been used in an attempt to
improve the stall characteristics of
rotors without compromising advancing-
blade performance. Although the blade-
element environment on the retreating side
of the disc is highly unsteady, almost
none of these new airfoils have been
designed with dynamic-stall considera-
tions in mind, and few of them have been
tested under unsteady conditions in wind
tunnels. Furthermore, the details of
dynamic stall depend on a large number of
parameters (Table 1), and the limited
data sets that do exist have almost no
overlap of the important parameters of
the oscillatory motion.

Quartitative comparisons and assess-
ments of new rotor-blade sections are
further obscured by the effects of three-~
dimensional wind-tunnel interactions,
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wall interference, and experimental uncer-
tainties. These are serious problems even
for static stall, as indicated by the
results plotted in Fig. 1 for two very
different airfoils. The shaded band shows,
for the classical NACA 0012, the spread of
measured values of the maximum lift coef-
ficient from our experiment and from those
reported previously.l!-¢ The symbols show
the present measurements of CLmax for the
Boeing~-Vertol VR-7 airfoil, along with
values from References 5-7. From this
figure, we may conclude that the differ-
ence in stall characteristics from one
wind tunnel to another can be the same
order of magnitude as the differences
between airfoil sections, and this factor
must be considered when evaluating new
rotor~blade sections.

The primary objective of the present
investigation, then, was to fulfill the
obvious need for a standard data base and
to compare the basic dynamic-stall char-
acteristics of a series of representative
modern helicopter rotor airfoils. Figure
2 shows the eight sections that were
tested under identical unsteady conditions
in the same wind tunnel. Our second main
objective was to investigate the type of
stall and boundary-layer separation char-
acteristics associated with each profile,
since this was expected to be crucial in
correlating the similarities and differ-
ences between different sections and in
estimating the dynamic-stall behavior of
new airfoils in the future. Another
objective was to supplement the conven-
tional lift and pitching moment measure-
ments with unsteady form drag and stall
flutter boundaries. Finally, we examined
the effects of small amounts of leading-
edge roughness, comparable to that due to
erosion of blades operating in severe
field conditions or due to incipient icing.
The roughness also served to trip the
boundary layer just ahead of the leading-
edge laminar separation bubble that
would have normally existed on the smooth
airfoils.
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In this paper, we present the high-
lights and principal results of the exten-
sive data that were obtained on the eight
airfoils. The complete program, consist-
ing of static data sets obtained at four
values of free-stream Mach number and
unsteady data at an average of approxi-
mately 55 different conditions for each
airfoil, will be documented in a forthcom-
ing Army report.

Description of Experiment

The tests were performed in the U.S.
Army 2- by 3-m atmospheric-pressure, solid-
wall wind tunnel. The tests were con-
ducted in essentially the same manner as
in a previous experiment?®,? except that
the free-steam Mach number was extended
to 0.3, the model chord ¢ was reduced
to 0.62 m, and the data processing was
refined considerably. The models spanned
the 2-m vertical dimension of the wind
tunnel and were oscillated sinuscidally in
pitch about the quarter chord, at fre-
quencies up to 1l Hz. (Higher harmonic
distortion of the motion was about 2% of
the amplitude.) An improved version of
the drive mechanism described in Refer-
ences 3 and 9 allowed both the mean angle
ag and the frequency of oscillation » to
be varied continuously while the tunnel
was operating. Discrete amplitudes of
oscillation a1, of 2°*, 5°, 8*, 10°, or
14° could be 3et between runs.

The models of the eight airfoils,
shown in Fig. 2 and Table 2, consisted of
interchangeable shells constructed of
wood and fiberglass surrounding a stain-
less steel spar that contained the instru-
mentation and wiring. Each set of shells
was precision-machined, while mounted on
the spar, to a design accuracy of :0.l1 mm.
However, measurements after the test
revealed that the rms standard deviation
of the contour errors was about 0.4 mm,
or 0.06% of chord, and that the maximum
error was 0.85 mm.

Instrumentation

The primary data were obtained from
26 Kulite differential pressure trans-
ducers, types YQCH-250-1 and YQCL-093-15.
The transducers were distributed over the
upper and lower surfaces, with seven of
them concentrated in the leading-edge
region (x/c 5 0.05) and two near the
trailing edge (at x/c = 0.98); they were
referenced to the total pressure in the
wind tunnel.

Surface hot films and boundary-laver
hot-wire probes were installed at six
locations on the upper surface to deter-
mine the boundary-layer transition, flow
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reversal, and separation characteris-~
tics.?,!% In addition, a hot-wire probe
protruding just outside the boundary
layer was mounted near the leading edge
of the NLR-1 profile to aid in diagnosing
the local supersonic zone that was fre-
quently observed at high incidence. A
shadowgraph system was also used to visu-
alize the transonic flow in this region.
Finally, a traversing pitot-static probe
was used to survey the wake and determine
the drag of each airfoil under steady flow
conditions.

Data Analysis and Measurement
Accuracy

The pressure transducer and hot-wire
signals were amplified and recorded on a
32-channel analog tape recorder, along
with the average free-stream dynamic
pressure, the instantaneous angle of
attack of the model, and l/cycle and
200/cycle timing indicators. These data
tapes were digitized and ensemble-averaged
off-line, during which at least 50 cycles
of data were sampled 200 times per cycle.
The averaged pressure data were then
processed and integrated numerically by
trapezoidal rule to determine the unsteady
lift, moment, and pressure drag. On the
other hand, individual cycles of the
analog hot-wire and hot-film records were
examined to determine the boundary-layer
characteristics, as discussed in Refer-
ences 9, 14, and 15.

Special on-line analog computers
that calculated and displayed the instan-
taneous normal force, pitching moment,
pitch damping, and pressure distributions
proved to be extremely valuable in assess-
ing the dynamic-stall behavior, as well
as the performance of the instrumentation,
as the tests were in progress. These
devices also enabled us to vary the
unsteady parameters until some desired
result was obtained, such as the maximum
lift condition in the absence of moment
stall or neutral aerodynamic damping in
pitch.

For the present purpose of comparing
the dynamic-stall characteristics of the
eight airfoil sections, the absoclute
accuracy of the measurements is less
important than the random experimental
errors, but we have attempted to assess
both. Based on the method of Allen and
vincenti,!* gtatic wind-tunnel wall cor-
rections below stall amount to about 1%
for 1 and about 1l.5% for Cp; these and a
1% correction due to a reduction in test
section area at the model have been applied
to the static data shown in Fig. 1 and
Table 3, but not to the dynamic data.
Fromme and Golberg!’ have indicated that
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ungsteady wall corrections can be greater
than the corresponding static corrections,
but it is not clear to what extent their
potential flow analysis can be applied to
the present measurements. Likewise, we
have not been able to establish estimates
of the poststall tunnel sidewall effects,
but tuft flow visualization and previous
experience suggest that these problems
become less important as the frequency of
oscillation increases.

The maximum error of the angular
measurements is estimated to be :0.2°,
and that of the frequency of oscillation
£0.03 Hz. The uncertainty in the presgsure,
force, and moment coefficients depends
on the operating conditions. For example,
the probable error in Cp is estimated to
vary from less than +*0.05 at M, = 0.3 and
32 = 0 to about :0.5 at M, = 0.1 and a
approaching the stall angle. For the ~
static data presented in this paper, the
measurement uncertainty is estimated at
£0.03 for CrLmax, £0.005 for Cy, and
£0.0005 for Cp. The uncertainty in the
SC-1095 static 1lift data is about 2 times
larger, because of some unresolved dif-
ficulties with the static pressure mea-
surements. The unsteady data in the
dynamic-stall regime should be in error
by no more than :0.10 for Cr, and $0.025
for Cyq and Cp.

Test Conditions

The primary reference conditions for
the initial comparisons of the various
airfoils were static and deep dynamic
stall at M, = 0.30, with the unsteady
motion given by 2 = 10° + 10° sin wt and
k = we/2U, = 0.10. Limited, but systema-~
tic variations in Mach number and the
unsteady parameters were explored as
follows: (1) static data at discrete
values of a for M, = 0.1l1, 0.185, 0.25,
and 0.30; (2) unsteady data with
a = 15* + 10° sin wt and k = 0.10 for
M, = 0.076, 0.11, 0.185, 0.22, 0.25, 0.28,
and 0.295; (3) fregquency sweeps at
Meq = 0.30 with 0.01 5 k 5 0.20, ag = 10°
and 15°, and o) = S5° and 10°; (4) varia-
tions in ag to obtain the maximum lift
for each airfoil without moment stall at
Me = 0.30 with a3 = 10° and k = 0.10;

(5) at M, = 0.185 and 0.30 with ay = 10°,
variations in ag for each airfoil so that
amax 18 slightly greater than the static
stall angle and dynamic stall occurs at
low frequencies but possibly disappears
as kx increases; (6) variations in both a4
and k at M, = 0.3 with ay = 2°, to obtain
boundaries of neutral aerodynamic damping
in pitch and to obtain the maximum nega-
sive value of the pitch damping parameter,’®
; = -§Cyda/4a1?; and (7) duplication of
scme of the test conditions of References
8: 13-20-
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A limited amount of static and dynamic
data were obtained on each airfoil at

M = 0.185 and 0.30 with a boundary-layer
trip, consisting of a 3-mm-wide band of
0.10-mm~diameter glass spheres glued to
the leading edge. As mentioned in the
Introduction, this trip eliminated the
laminar separation bubble that would
normally form near the leading edge as the
stall angle was approached, and it also
roughly simulated severe field conditions
of many helicopters.

Finally, it should be mentioned that
the variation in Reynolds number with
Mach number was Re > 14 x 10° M,.

Discussion of the Unsteady
Flow Phenomena

Many of the qualitative features that
distinguish dynamic stall from static
stall are approximately the same for a
wide range of airfoil shapes and ambient
flow conditions, and the basic stall
behavior is strongly influenced by the
three main phenomena described below.

vortex Shedding and Degree of Stall

Numercus experiments have shown that
dynamic stall is characterized by the
shedding and convection over the upper
surface of the airfoil of a vortex-like
disturbance, which induces a highly non-
linear, fluctuating pressure field. 1If
the reduced frequency, amplitude, and
maximum incidence are sufficiently high,
the vortex-shedding phenomenon is well
defined, the unsteady fluctuations in the
airloads are very large, and the gqualita-
tive results are relatively independent
of airfoil shape, Reynolds number, and
type of motion. We shall call this limit-
ing case "deep dynamic stali”; it cor-
responds to the “fully-developed" vortex,
or vortex-dominated, cases that were
analyzed previously.®,%,!%

Under the less severe conditions that
are more common in helicopter applications,
the vortex~shedding phenomenon is less
well defined. The origin, strength, and
transient development of the vortex, and
even the qualitative behavior of the air-
loads, appear to depend on all the param-
eters listed in Table 1. The airloads
typically exhibit significant amounts of
hysteresis, and negative aerodynamic
damping is more likely to occur than in
deep stall, but the maximum values of the
force and moment coefficients generally
remain in the same range as their static
counterparts. This we shall call "light
dynamic stall."

g Ry
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The boundary between light and deep
dynamic stall is rather broad and somewhat
arbitrary, of course. However, we can see
the evolution of the different types of
stall behavior in Figs. 3 and 4, which
show the effects of variations in the mean
angle for the NACA 0012 airfoil.

For the lowest value of ag, the maxi-
mum angle of attack is less than the
static~-stall angle of 13.7°, the boundary
layer remains attached throughout the
cycle, and the flow can be roughly approx-
imated by classical inviscid theory.

For a, = 4° under the conditions shown in
Fig. 3, the boundary layer separates

over the rear half of the airfoil during
the downstroke, and this produces distor-
tions in the pitching-moment loop that are
comparable in magnitude to the unsteady
inviscid effects. This important condi-~
tion, which we call “"stall onset," repre-
sents the limiting case of maximum lift
with no penalty in Cq or Cp. It is the
unsteady counterpart for helicopter appli-
cations to operating a fixed wing just on
the verge of stall, and therefore it
represents a measurs of the maximum use-
ful lift that a given airfoil can deliver
if drag-rise and moment stall are to be
avoided.

Using the behavior of Cq as a crite-
rion, we have found the progression from
stall onset to light stall to be rather
abrupt and well defined for all of the
helicopter airfoils, as ap was increased
in small increments. For the NACA 0012,
light stall was evident at ag = 5° for
the conditions shown in Fig. 3. Moment
stall (denoted by M in the figure)
occurred fairly abruptly when the boundary
layer separated near apax:; this was
followed by a negative contribution to
the net aerodynamic pitch damping during
the initial part of the downstroke.
Although the pressure transducers indi-
cated a weak vortex peak originating
at x/¢ = 0.05, it did not appear to cause
the airloads to be significantly different
from the static case. Also, the loss in
lift on the downstroke occurred gradually
and was a small fraction of Clmax®

On the other hand, the vortex
becomes very important entering the deep-
stall regime, shown in the right-hand
part of Fig. 3. The vortex originates
even closer to the leading edge juat prior
to moment stall M and produces a large
negative pitching moment, high drag, and
an additional increment in lift as it
passes over the airfoil. (Lift stall is
denoted by L.) The dramatic changes in
the shape and magnitude of the hysteresis
loops of C;, Cv, and Cp from the preceding
cases resemble closely what was observed
in References 8 and 9 at lower Mach
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number, although the lift coefficient rose
to greater peak values during the vortex
shedding process in our earlier tests.
This was apparently due to greater suction
being maintained at the leading edge dur-~
ing the early stages of dynamic stall.
These differences in the collapse of the
leading~edge suction, which appear to
depend on Mach number and airfoil geometry,
are still under study.

Further increases in ug (or in k at
the same values of a5 and a)) produce
additional increases in the vortex
strength and in the peak values of the
airloads. vVariations in the time histories
of the aerodynamic coefficients occur, and
the phase in the cycle for boundary-layer
gseparation and reattachment also continue
to change. This is reflected in varying
hysteresis loops of C;, Cy, and Cp versus
a; however, the basic phenomenon remains
approximately the same (cf. Ref. 9). This
is illustrated in Pig. 4, which shows
the waveforms of Cy versus wt. As before,
L and M denote lift stall and moment
stall, respectively, and R signifies
complete boundary-layer reattachment.

This alternative format shows the similar-
ities between the deep-stall cases and
their differences with regpect to light
stall. Also evident is the development

of a secondary vortex that becomes rather
pronounced at wt = 7/3 for a, = 20°.

This secondary vortex was evgdent in
varying degrees on several of the other
airfoils, particularly on the VR-7.

Leading~Edge vs Trailing-Edge stall

A second characteristic that strongly
influences the dvnamic stall behavior,
especially in the light-stall regime, is
the nature of the initial boundary-layer
separation that precedes the vortex
development. The conventional categories
of stall on static airfoils are leading-
edge, thin-airfoil, and trailing-edge
stall, with the first of these generally
ascribed to all airfoils that stall
abruptly.2! Leading-edge stall, which is
the cateqgory that is the least understood
and the most difficult to control or pre-
dict, is generally associated with the
bursting of a laminar leading-edge separa-
tion bubble. The term trailing-edge stall
is commonly applied to airfoils that
exhibit boundary-layer separation that
progresses gradually forward as the angle
of attack increases.

In References 9 and 15, however, we
established that leading-edge stall could
be due either to the bursting of a
leading-edge laminar separation bubble
and subsequent rearward motion of an
expanding separation zone or to the abrupt
forward propagation of turbulent
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separation that began as trailing-edge
stall. In the present investigation, we
discovered still another mechanism for
leading-edge stall and, in addition, a
flow breakdown that progressed both up-
stream and downstream from a midchord
point of initial boundary-layer separa-
tion. Hence the nomenclature, as well
as the phenomena, has become rather con-
fusing. We shall try to clarify the
picture in the following examples.

Trailing-Edge Stall. The classical
picture of gradual trailing-edge separa-
tion was observed on the NLR-7301 airfoil
under both static and dynamic conditions.
The latter is illustrated in Fig. 5,
where the time histories of the pressure
are displayed in the manner suggested by
Carta,?2 along with the boundary-layer
separation and reattachment behavior. 1In
the unsteady case shown on the NLR-7301,
moment stall is preceded by a gradual
forward movement of flow reversal in a
thin layer at the bottom of the boundary
layer. When this flow reversal reaches
the leading~edge region, stall begins
gradually, and a vortex forms at
x/¢ = 0.3 and moves rearward over the air-
foil.

Leading-Edge Stall. In contrast to
the trailing-edge stall behavior, the
initial breakdown of the flow on the NLR-1
airfoil began somewhere between the hot
films at x/c = 0.026 and 0.10, and this
flow separation disturbance moved
rearward. A vortex appeared virtually
simultanecusly; it appeared in the pres-
sure signals as far forward as x/c¢ = (0,01l
and followed closely behind the boundary-
layer disturbance. The moment stalli was
much more abrupt in this case. Similar
behavior was observed on the NACA 0012
and Wortmann €98 under these test condi-
tions.

Unlike our previous cbservations®s '
at lower Mach number, the rearward-
spreading flow breakdown on these profiles
clearly originated in the turbulent part
of the boundary layer. Evidently the
laminar separation bubble just upstream
of the turbulent separation played no
significant role in this process, because
the leading-edge trip eliminated it with
hardly any effect on the results. The
turbulent separation that we observed
previously®. '’ always appeared to propa-
gate from the rear forward, either
gradually or very suddenly, depending on
the leading-edge geometry. The sudden
cases we now propose to call "abrupt
trailing-edge stall,” to distinguish them
from the cases of boundary-layer distur-
bances that travel downstream from the
leading-edge region; throughout the
remainder of this paper the term
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“leading-edge stall” will only be applied
to cases where the boundary layer initially
separates, or breaks down catastrophically,
in the leading-~edge region, forward of

x/c = 0,05. Therefors, some cCases that
would normally be defined as leading-edge
stall on the conventional basis’’ of an
abrupt loss in lift will be classified as
abrupt trailing-edge stall. 1If the
trailing-edge separation is gradual, as on
the NLR-7301, we will merely refer to it
as trailing-edge stall.

Mixed Stall Behavior. A third case
(Fig. %) obtained on the VR-7 section
represents a combination of leading-edge
and trailing-edge stall. At low Mach
number in the deep-stall regime, at all
Mach numbers in the light-stall regime,
and under all static conditions, this air-
foil exhibited the gradual trailing-edge
stall that is shown for the NLR-7301.
However, for M 2 0.25, a major boundary-
layer disturbance and a vortex erupted out
of the leading-edge region while the tongue
of reversed flow on the rear half of the
airfoil was moving forward; only sometime
later did the two distinct boundary-layer
disturbances appear to meet and merge some-
where near midchord. This phenomenon,
which was even more pronounced on the VR-7
at M_ = 0.28 and 0.3 (and on the HH-02 fcr
M, 2 0.22), is shown by the loci of flow
reversal in the left-hand part of Fig. 6.

Another mixed stall case, also illus-
trated in Figs. 5 and 6, was observed on
the Ames-01 and SC-1095 airfoils in the
deep-stall regime for M, S 0.25 and on the
NLR-1l airfoil at lower Mach number. The
first indications of boundary-layer sepa-
ration were observed on the hot film at
x/c = 0,25, with the disturbance spreading
upstream and downstream from that general
area. The vortex appeared to originate at
x/c = 0.17 and to proceed downstream, as
shown in the figure. Moment stall tended
to be somewhat less abrupt than for the
leading-edge stall cases. For Ma 2 0.28,
the boundary layer separation changed to
a leading-edge origin, similar to the
NLR-1 behavior.

These widely different types of
boundary-layer separation represent formi-
dable challenges to the thecoretical
analysis of dynamic stall, but what are
the practical consequences? For deep
stall at M, = 0.3, all of the helicopter
sections show a strong tendency toward
leading-edge stall, and, as we shall see
in subsequent sections, their aerodynamic
behavior is very similar. The major dif-
ferences in the unsteady airloads show up
at stall onset and in the light-stall
regime, where the boundary-layer charac-
teristics differ the most. Before conmpar-
ing the aercdynamic performance of the
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various airfoils, however, let us discuss
another phenomenon which seems to be re-
lated to the changes in the separation
behavior that occur as the Mach number
increases.

Transonic Flow Near the Leading Edge

Although several authors’:2!=23 have
discussed the effects of Mach number on
dynamic stall, little has been published
about the supersonic flow that can develop
near the leading edge at high angle of
attack in a subsonic free stream. This
becomes particularly interesting in un-
steady conditions, since the stall can be
delayed to very large angles of attack,
and the leading-edge flow accelerated to
local velocities much greater than U_.

A simple extrapolation of previous results
for M, < 0.1 to the present conditions
would predict hypersonic flow locally, so
it is obvious that something must change
as M_ increases.

To assess the actual situation, we
used the steady isentropic flow relations
to convert our leading-edge pressure
measurements to local Mach number, and then
looked for the maximum values that occurred
just before the onset of stall. These peak
values are plotted in Fig. 7 for a range of
free-stream Mach numbers. The inset plot
shows a representative instantaneous
leading-edge pressure distribution,
obtained on the NACA 0012, at o = 16.7°
and M_ = 0.295.

The results in Fig. 7 clearly indicate
the development of transonic flow near the
leading edge for M_ 2 0.18. As suggested
by the plot of Cp Versus x, the spatial
extent of the supersonic zone was generally
less than 2% of the chord, but it persisted
for time intervals that represented several
chord lengths of travel. As we shall see
in later sections, the onget of super-
critical flow corresponds approximately to
the conditions for which most of the air-
foils began to show a decrease in dynamic
c with increasing M_. Furthermore,
tkﬂ‘érowth in the maximum local Mach number
above sonic conditions was found to
accompany a strong tendency toward leading-
edge stall on all of the airfoils, what-
ever their behavior at low Mach number.

Another interesting feature of the
leading-edge supersonic flow was the com-
pPlete absence cof shock waves, despite
values of Mpmay that were estimated to be
in excess of 1.4 in several cases. Further
increases in M_ above our experimental
limit of 0.30 would certainly be expected
to produce some kind of shock-induced
leading-edge stall,®’12+2¢ pye this does
nct seem to be the mechanism involved in
the cases described in this paper. The
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evolution of shock stall at M_ > 0.3 and
the details of its influence on the un-

steady airlocads are important topics for
further research.

Comparison of Results

We turn our attention now to the vari-
ations in aerodynamic behavior that were
observed on the eight airfoils over the
range of test conditions of the experiment.

Static Data

The measurements performed under steady
or quasi-static flow conditions provide a
frame of reference for the dynamic stall
results and a basis for comparison with
data from other wind tunnels. Table 3
presents a summary of the primary charac-
teristics of each airfoil at M_ = 0.30,
where the subscript o refers to zero lift
and ags is the angle for Crp,y- Also in-
cluded are the calculations or drag-
divergence Mach number at zero lift obtained
from a nonconservative inviscid transonic
flow code called FL06,?” which is well
suited to comparative studies of this type.

It is interesting to note that the
four airfoils that were designed to opti-
mize the compromise between retreating-
and advancing-blade requirements (see
Table 2) have approximately the same values
of C and Mpp,. However, the Wortmann
098 and SC-1095 airfoils have significant
negative values of pitching moment at low
lift. The reduction of Cyq, by means of a
trailing-edge tab to the levels of the
Ames~-0l and HH-02 profiles would probably
result in reductions in Crmayx by 0.05 to
0.08, based on the information in References
2, S, and 12,

The NLR-730]1 profile has the largest
value of Cp .., but it also has very large
negative pitgﬁing moments, since it was
not designed for helicopter conditions.
Overall, the airfoils with the highest lift
tend to have the lowest drag-divergence
Mach numbers and vice versa, as would be
expected.

0f the measured quantities listed in
Table 3, only the stall angle and Crpax
varied significantly with tunnel speea.
Figure 8, which displays uncorrected data,
shows that this effect is most pronounced
on the NACA 0012 and NLR-1 airfoils. 1In
general, we attribute the variations below
M, = 0.2 to Reynolds number effects and
those above to Mach number effects. In
any case, a comparison of the static re-
sults in Figs. 1 and 8 serves to reiterate
our remarks in the Introduction regarding
comparisons between airfoils versus com-
parisons between results from different
wind tunnels.
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Dynamic-Stall Onset

This condition, which was described
earlier in connection with Pig. 3, repre-
sents the maximum stall-free lift that can
be obtained under unsteady conditions.
Figure 9 shows the values of C at stall
onset measured at M, = 0.3 and k = 0.10 for
large-amplitude oscillations, with no wind-
tunnel wall corrections applied. All of
the airfoils except the NLR-7301 show sig-
nificant increases in C over the
corresponding uncorrected static values,
with the greatest unsteady benefits accru-
ing for the Ames-0l1l and VR-7 airfoils.
Althongh unsteady wind-tunnel wall correc-
tions!’ might reduce the actual magnitudes
of AC somewhat, the dynamic stall angle
for each helicopter section was larger than
the static-stall angle; therefore, favor-
able performance increments can be expected
in practical applications. At k = 0.10,
however, the NLR-7301 airfoil could not be
taken to within 2° of the static-stall
angle without light dynamic stall occur-
ring on the downstroke. Therefore, this
profile suffered a slight performance loss
due to unsteady effects.

These increments in unsteady lift,
which depend significantly on airfoil
shape, are a direct consequence of the un-
steady effects on the boundary-layer
separation characteristics. For the pitch
oscillations indicated in Fig. 9, all of
the airfoils stalled from the trailing
edge, for reduced frequencies from 0.10
down to 0.01. The extent and abruptness
of the separation varied considerably,
and the quasi-static behavior was not
necessarily a reliable guide to the
dynamic-stall-ongset characteristics. For
example, the Ames-01 airfoil stalled
abruptly between 13.5° and 14° at very low
frequency, but at k = 0.10 the flow
separated gently over no more than half of
the model; this occurred on the downstroke
well after the maximum incidence of 15.6°
was attained. On the other hand, the HH-02
stalled rather gradually under gquasi-static
conditions, but tended to stall more
abruptly as the freguency was increased.
Its dynamic increment in C at k= 0,10
was about two-thirds of that of the Ames-01
and about half that of the VR-7, which had
a very gradual trailing-edge stall under
these conditions.

This part of the experiment should
provide a useful test of unsteady airfoil
calculations. The separation was limited
to the rear portions of the airfoils and
to a small fraction of the cycle, and
thus it should be much easier to model
theoretically than deep stall. However,
the results varied considerably from one
airfoil to another, and a calculation
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method would have to predict these dif-
ferences in order to be valid.

Light Stall Results

The unsteady aerodynamic behavior also
tended to be sensitive to airfoil geometry
in the light-stall regime. The boundary-
layer separation was highly variable, and
we observed a wide range of stall types as
reduced frequency, amplitude, and mean
angle were varied on the different profiles.
Most of this part of the experimental
program was restricted to M_ = 0.30 and
a; = 5°.

Figure 10 illustrates how widely the
aerodynamic coefficients can vary for one
set of unsteady conditions. In this example,
the maximum incidence, 15°, was more than 1°
greater than the static stall angle of all
the profiles (cf. Table 3), except the NLR-
7301. Consequently, all of the helicopter
airfoils exhibited some dynamic overshoot
of static Crn,y. The salient character-
istics of eacﬁxairfoil are described below.

For the NACA 0012, the maximum value
of the lift coefficient in Fig. 10 is
greater than static C by an increment
of 0.20; this was accompanied by dynamic
CMmip = =0.09 and a net aerodynamic damping
in pgtch that was slightly negative. The
boundary-layer separation in this case
progressed rapidly from the trailing edge.
As a increased to 12° or as k increased to
0.20, this changed to leading-~edge stall.

The Ames-0l airfoil had a slight
amount of trailing-edge separation and
approached stall onset for .the conditions
of Fig. 10. An increase in a, of 1° pro-
duced light stall qualitatively similar to
the results shown for the NACA 00l2.

The Wortmann 098 section exhibited a
mixed boundary-layer separation that
started out from the trailing edge but
later broke sharply from x/c¢ = 0.10. This
behavior is apparently the cause of the
sharp negative spike in Cy for the condi-
tions shown in Fig. 10; it represents a
transition between trailing-edge stall at
lower reduced frequencies and leading-edge
stall at larger k. Over the range
0.025 S k S 0.20, this airfoil produced
significantly larger pitching moments than
any of the others.

The Sikorsky SC-1095 profile showed a
somewhat greater tendency toward negative
pitch damping than the others for the
conditions shown in the figure and at
other reduced frequencies. We failed to
record the boundary-layer data for this
case, but the leading-edge separation that
we observed for ag = l1° is probably
representative of ag = 10°. This contrasts




with the quasi-steady mixed-stall behavior,
where the initial flow breakdown occurred
at x/c = 0,25 and spread in either direc-
tion. This unusual type of geparation was
also observed on the Ames-0l1 and NLR-1
under different test conditions, as disg-
cu;s:d earlier in connection with Figs. 5
an .

The Hughea HH-02 airfoil made a strik-
ing change from a very gradual trailing-
edge stall to a sharp leading-edge stall as
k was increased from 0.025 to 0.10, where
vortex shedding began to originate at
X/c = 0.05. This changing behavior was
very pronounced at other mean angles and
amplitudes as well, for all Mach numbers
above 0.2.

The Vertol VR-7 airfoil developed
Clmax = 1.77, second only to the NLR~7301
for the conditions of Fig. 10, with a
gradual trailing-edge separation over the
rear 40% of the airfoil and benign pitching
moment behavior. FPFurther increases in k
suppressed the trailing-edge separation
even more, reducing Cumin Slightly and
increasing Crpax to 1. Yat k = 0.20, How-
ever, increasing the mean angle to 15° pro-
duced dramatic changes in the stall behav-
ior as a function of reduced fregquency,
including a transition from light stall to
deep stall. We shall discuss this case in
more detail in a later section of the paper.

The NLR~1 section, which stalled
abruptly from the trailing edge under
quasi-static conditions, changed to
leading-edge stall for the conditions
shown in Fig. 10. Due to its relatively
low static-stall angle of 12.3° it began
to stall somewhat earlier than the other
airfoils. Moment stall was as abrupt as
on the Wortmann 098, although the magni-
tude of the negative Cy spike was less.

Stall would not be expected on the
last airfoil in the group, the NLR-7301,
since its static-stall angle was almost 3°
greater than apax; this is confirmed by
the results shown in the figure. It is
noteworthy, however, that viscous effects
served to reverse the sense of the Cp - o
loop from the counterclockwise direction
observed at lower mean angles (cf. Fig. 3).
When the mean angle was increased to 15°,
the stall changed from a gentle trailing-
edge separation for k £ 0.05 to a mixed
leading- and trailing-edge type for
k 2 0.15. This change was rather similar
to that of the VR-7, although the vortex
was not as fully developed on the NLR-7301.

The preceding examples are repre-
sentative of the broad panorama of dynamic
stall behavior that can occur as conditions
change from quasi-steady to deep-stall
conditions. The common aspect of all of
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the light-stall data is that this regime
represents a transition from static be-
havior, which can vary significantly from
one airfoil to another, to deep stall,
where tne behavior is dominated by the
dynamic stall vortex.

Deep-Stall Results

The differences between airfoils tend
to be diminished in deep stall, where the
vortex shedding phenomenon becomes fully
developed. Figure 11 shows the hysteresis
loops of C1, CM, and Cp versus a for the
same airfoils and test conditions as Fig.
S; that is, representing four different
types of boundary-layer separation. The
results for the three helicopter sections
are remarkably similar, differing princi-
pally in the angle for the onset of stall,
in the magnitude of the peak forces and
moments, and in the strength of the
secondary vortex at the top of the cycle.
The same could be said of the other four
airfoils, not shown. All developed local
Mach numbers well in excess of 1.0 just
before moment stall began, and all developed
force and moment coefficients greatly ex-
ceading their static counterparts.

Effects of Mach Number. The deep-
stall dynamic airloads for the unsteady
motion indicated in Fig. 1l were also
gualitatively the same at other values of
Mwn. However, the actual peak values and
the stall angles were found to depend
somewhat on Mach number, as Fig. 12 illus-
trates for Cryay- The static data from
Fig. 8 are also shown for reference., It
is interesting to note that the dynamic
data generally decrease faster with in-
creasing Me than do the static data, and
that the airfoils with higher values of
dynamic Crphayx are not necessarily the same
as the ones with the higher static values.
That is, the incremental iCL;.y above the
static value depends on both Mach number
and airfoil shape. The latter effect is
shown in Fig. 13 for M_ = 0.295.

A wide range of boundary-layer separa-
tion characteristics is associated with the
various unsteady data points in Figs. 12
and 13. For example, the VR-7 airfoil
changed from trailing-edge to leading-edge
stall and the Ames-0l1 changed from mid-
chord separation to leading-edge stall
between M, = 0.185 and 0.295, as shown in
Fig. 6. But, the general nature of the
unsteady airloads changed very little over
this range of Mach number; this indicates
that the overall effects of the vortex-
shedding phenomenon in deep stall are
relatively independent of the details of
the boundary-layer separation.

Effects of Reduced Frecuency and
Amglituae. These two parameters of the
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unsteady motion, along with the mean angle,
are the most important ones in determining
the phase and strength of the vortex shed-
ding characteristics in the deep-stall
regime. Figure 14 illustrates the evolu-
tion of the phenomenon with reduced
frequency for the VR-7 airfoil. The case
with k = 0,025 corresponds to light stall,
with maximum force and moment coefficients
only slightly greater than the correspond-
ing static values, whereas the effects of
vortex shedding begin to show up at k =
0.05. Further increases in k produce a
progressive transition to deep-stall be-
havior at k = 0.20. The changing strength
of the vortex is also evident in the
pressure distributions shown in Fig. 1§
for k = 0,05 and 0.20.

The development of deep stall in this
example involves a dramatic change in the
boundary~layer separation characteristics,
as shown in Fig. 16. At the three lower
reduced frequencies, the stall is gradual,
boundary~-layer flow reversal progresses
slowly upstream from the trailing edge, and
a weak vortex originates around midchord.
However, Fig. 16 shows a conversion to
leading-edge stall between k = 0.10 and
0.20, and at the latter reduced frequency
a much stronger vortex originated at
x/¢ = 0.025. As we have noted before,
deep-stall separation originated near the
leading edge on all of the helicopter air-
foils for M« > 0.25, whatever their light-
stall or low Mach-number behavior.

The hysteresis loops in Figs. 1l and
14 look very different, but there is a
similarity in the airloads that can be
highlighted if we consider the a(t) history
of various motions. Figure 17 shows two
cases that have very different amplitudes
and reduced frequencies but identical mean
angles and maximum pitch rates; that is,
the product aj k is constant. The wave-
forms are plotted versus ncndimensional
time, or chordlengths of travel, and the
curves are phased so that the angles of
attack approximately overlap at the static
stall angle agg On the upstroke.

We see that the airfoils stall at
approximately the same angles and pitch
rates and that the waveforms of Cy, and Cm
versus U, t/c are much more similar than
are the hysteresis loops of Cr, and Cy
versus a. This comparison suggests that
amplitude and reduced frequency are less
important parameters in deep stall than o
and its rate of change on the upstroke and
that the dynamic-stall events proceed on a
time scale U, t/c rather than wt.

A significant improvement in matching
different sets of data is shown in Fig. 18.
Here the reduced freguency is lowered to
0.15 for the low amplitude case and the

mean angle is 10° for ap = 10°. Now the
product a1 k2, which is proportional to
the maximum value of &, is approximately
constant, and the a(t) histories are nearly
the same over the entire portion of the
cycle for which a > agg. Although the
pitch rates are different at agg, they are
approximately the same at a = 17°, which is
about where moment stall begins. 1In these
two cases, the lift and moment data are
almost indistinguishable on the upstroke
and throughout most of the stall events,
whether viewed versus Us,t/c or versus a.

In fact, it is the behavior after the
primary vortex passes off the airfoil that
accounts for most of the differences
between the four cases, Figs. 17 and 18.

Although there are definite limits to
the procedures described above, the results
in Figs. 17 and 18 are not isoclated ex~
amples. A number of comparisons for other
airfoils, amplitudes, and reduced fre-
quencies in the deep-stall regime yielded
comparable results; namely, the better the
match between the a(t) histories between
4gss Omax: and areattachment. the better
the match between the aerodynamic coef-
ficients. Perhaps this conclusion will
serve to stimulate new ideas for improved
dynamic-stall correlation and prediction
methods.

Effects of Leading-Edge Roughness.
The strong tendency toward leading-edge
separation in the deep stall regime raises
the question of the role of the leading-
edge laminar separation bubble in initiat-
ing the vortex shedding phenomenon. As in
our earlier work,' %/ 15 the use of leading-
edge roughness to trip the boundary layer
just upstream of the bubble, thereby
eliminating it, provided additional con-
firmation of our interpretation of the hot-
wire and pressure measurements on the smooth
airfoils. The result was that we observed
no significant changes in either the static
or deep dynamic stall characteristics of
any of the helicopter sections. The stall
angle and maximum values of lift were re-
duced slightly in some cases, but there
was no change in the qualitative stall
behavior. The reductions in Crgpax that did
occur tended to be greater at M = 0.18S5.
Therefore, we may conclude that the ob-
served leading-edge stall originated in
the turbulent boundary layer a short dis-
tance downstream of the leading edge, and
not with the bursting of the leading-edge
laminar bubble, as proposed by Gault.?!

Pitch _Damping Boundaries

One of the adverse effects of dynamic
stall is the possibility of negative aero-
dynamic damping in pitch, which could lead
to single-degree-cf-freedom stall flutter
of an elastic blade. Since this important
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characteristic turned out to vary consider-
ably from one airfoil to another, we made a
special study of it for small amplitude
oscillations by mapping out the stability
boundaries as a function of reduced fre-
quency and mean angle. The results are
shown in Fig. 19, where the shaded regions
denote negative pitch damping and the
crosshatched bands indicate the conditions
for which the damping was approximately
zero. Also shown for reference is the
static-stall angle for each profile.

It is interesting to note that all of
the airfoils are susceptible to instabili-
ties over the entire range of frequencies
studied for some values of ag. Also note~-
worthy is that the left boundary was very
distinct in each case; it corresponded to
what we have called light stall. At high
reduced frequency, this light stall began
in the leading-edge region for the Wort-
mann 098 and NLR-1 airfoils and at
x/c = 0.25 for the SC-1095. This behavior
apparently leads to negative damping for
values of amax that are only slightly
greater than the static-stall angle and to
2 relatively large domain of instability.

Tr. contrast, the VR-7 stalled from
the trailing edge for most of the condi-
tions near or inside the unstable region.
This produced a more narrow range of in-
stability and a tendency for the boundaries
to be delayed to larger angles of attack
as k increased. However, the magnitude of
the damping parameter 7 inside the un-
stable regime was as large as that of the
other airfoils. The Ames-01 airfoil also
stalled from the trailing edge, although
somewhat more abruptly than the VR-7, and
its domain of instability is larger. Both
of these airfoils developed more lift than
the others before encountering negative
damping, particularly at the higher re-
duced frequencies.

The unusual shape of the stability
boundaries for the HH-02 airfoil is as-
sociated with complex changes in its
boundary-layer separation characteristics
as a function of reduced frequency.
Statically and at low frequency, the HH-02
stalled from the trailing edge, but this
changed over to leading-edge stall as k
increased, with a corresponding change in
the shape of the left-hand stability
boundary. At higher values of mean angle,
its deep stall behavior was very similar
to the other three leading-edge stalling
ajirfoils.

Finally, we note that although there
appears to be a distinct connection be-
tween the type of boundary-layer separa-
tion and the size and shape of the
instability domain, the pitch damping
behavior is not necessarily related to the

static~stall behavior. The results of the
present investigation, combined with static
airfoil tests and theoretical calculations,
can serve as a guide in estimating pitch
damping characteristics, but an element of
uncertainty will remain about the behavior
of new airfoil sections until some esti-
mates of their light-stall characteristics
are obtained experimentally.

Summary and Conclusions

The results described in the preceding
sections provide a basis for reassessing
the importance of some of the parameters
listed in Table 1 that influence the
retreating-blade stall characteristics of
helicopter airfoils. Pitch oscillations
that simulate the blade element angle-of-
attack variations of a rotor in forward
flight produce large changes in the stall
behavior, and the parameters of this un-
steady motion tend to be more important in
many cases than the geometry of the blade.
Nevertheless, important differences were
observed in the two~-dimensional dynamic
airloads on the various airfoils. Many of
these differences could translate into
significant differences in performance,
vibrations, and aerodynamic stability in
rotorcraft applications.

In Fig. 20 we attempt to summarize
some of the most important similarjities and
differences between the seven helicopter
airfoils that were studied. Drag divergence
Mach number at zero lift in steady flow is
one meaningful measure of advancing-blade
qualities. Maximum lift capability at
moderate Mach number is important on the
retreating blade, of course; but in this
case, we must decide what limiting condi-~
tions to impose, since Crp.., Cp., and Cy
vary with so many parameters besides
geometry. This is graphically illustrated
by the differences in Cr, for static
stall, at dynamic stall onset, and in deep
stall for a given airfoil. The large
values of lift coefficient obtained in
deep stall could probably not be utilized
in practice because of vibratory loads.
However, the results in Fig. 20 show the
potential in lifting capability if this
problem could be overcome.

Some general observations can be made
about the results in Fig. 20. First, all
six of the modern helicopter sections
offer advantages over the classical NACA
0012 airfoil, as would bhe expectea.

Second, the airfoil with the highest lift
coefficient for each given set of condi-~
tions has the lowest drag-divergence Mach
number, and vice versa, also as expected.
Third, the airfoils with the better static-
stall characteristics tend to exhibit
better dynamic stall behavior. However,

it is important to note that the increments
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between static and dynamic stall lift vary
significantly from one profile to another
and that the static separation and stall
characteristics are not always reliable
indicators of dynamic stall behavior.

As we have noted in the previous sec-
tions of the paper, the gualitative dif-
ferences in dynamic stall behavior diminish
rapidly as the airfoils penetrate further
into the deep-stall regime, which is domi-
nated by the vortex shedding phenomencon.

We have also stressed the strong tendency
for each airfoil to evolve toward unsteady
leading~edge stall as M, increased, at
least up to our experimental limit of 0.3,
regardless of the quasi-static or low-Mach-
number behavior. Furthermore, the transi-
tion to leading-edge stall generally
occurs as the unsteady conditions take the
airfoil into or beyond the light-stall
regime, and in the light-stall regime
trailing-edge separation generally seems
preferable. Consequently, it would seem
to be fruitful to concentrate more effort
on stall onset and light-stall behavior in
the future, both from the standpoint of
studying the fundamental phenomena and in
trying to develop new and improved rotor-
blade sections or high-lift devices. The
stall-onset condition is also the one most
amenable to theoretical analysis and calcu-
lation at the present time.

Finally, we would like to emphasize
the importance of transonic flow phenomena
in the retreating-blade environment. 1In
the present experiment, many of the
changes in stall and separation behavior
that occurred as tunnel speed increased
coincided with the development of a small
supersonic bubble near the leading edge.
With or without shock waves, this is a
different kind of transonic flow problem
than the ones that are currently receiving
so much attention by the fluid dynamics
community, as indicated in Fig. 21.
Further experiments and numerical analysis
are urgently needed, particularly at Mach
numbers between 0.25 and 0.50, to identify
the mechanisms that produce the leading-
edge separation and to explore the develop-
ment of leading-edge shock waves in this
unusual situation.

In conclusion, the results of this
investigation indicate that further im-
provements in airfoil performance can be
attained in the stall-onset and light-
stall regimes, once theoretical methods
are developed that include unsteady - -
effects. However, the sensitivity of the
dynamic stall airloads to the various
parameters of the unsteady motion indi-
cates that accurate prediction of
retreating-blade characteristics will
continue to depend strongly on an accurate
knowledge of the blade-element environment
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and on accurate correlations of oscillating
airfoil data. We hope that the results of
our experiment will provide part of this
information which is needed to design
better rotor blades.
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Table 1. Importance of the Dynamic Stall Parameters

stall parameter “Effect
Airfoil shape Large in some cases

Small below M ~ 0.2,

Mach No. Large above M ~ 0.2
Reynolds No. S nkaoun at high Mach No.
Reduced frequency Large

Mean angle, amplitude Large

Type of motion Virtually unknown

3-D effects virtually unknown

Tunnel effects Virtually unknown

Table 2. Summary of Airfoils Tested

F Thickness Maximum Leading-edge

Airfoil catio camber radius Reference Remarks
]
- 0012 6.120 0 0.0158 H Reference
Ames-01 0.103 0.014 0.012 10 .
Wortmann Optimized for both
PX-098 0.099 0.017 0.007 5 Cloay 274 Moo
§C-1098 0.095 0.008 0.008 11
HH=-02 0.096 ¢.020 0.008 Unpublished
VRl rab) 0.119 0.027 0.011 5 Bigh Croax
NLR-1 0.086 0.012 0.007 12 High Mpp
: NLR-7301 0.165 0.017 0.055 13 Supercritical
; fixed wing
:
¥
f Table 3. Summary of Measured Static Airfoil Characteristics at M = 0.3
and Calculated Drag Divergence Mach Number
Airfoil cLa ag CMO CDmin X, c. chax agg (L/D)max MDDo Small type
Q012 0.114 ~0.1°* =0.007 0.0072 0.24 1.34 13.7° 90 0.78 Abrupt T.E.'
Ames-01 0.115 -0.6 ~0.005 0.0070 0.25 1.46 13.5 100 0.81 Abrupt T.E.
W-098 0.113 -1.3 ~0.026 0.0066 0.24 1.44 13.0 94 0.81 Abrupt T.E.
b SC-1095 0.114 -0.9 ~0.027 0.0073 0.245 1.46 13.5 98 0.80 Mixea
HH~02 0.120 <-0.6 0.00 0.0066 0.255 1.44 13.2 92 0.80 Jr.E.
VR=~7 0.121 -1.5 -0.016 0.0071 0.26 1.53 12.5 107 0.75 T.E.
NLR=-1 0.107 =-1.0 ~0.025 0.0071 0.22 1.29 12.3 87 0.86 Abrupt T.E.
NLR-7301 0.121 -1.9 -0.083 0.0078. 0.25 1.85 17.8 89 0.7 T.E.

’Trailinq edge,
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SYM FACILITY REF

Q ARMY 2X3  present

¥ BOEING 0.3x09 5

QO LRC 0.18x0.7 ¢

O CEAT 1Xx22 7

/7, VARIOUS (NACA 0012) 1.5

VR-7

Figure 1.

Maximum lift on the NACA 0012
and Vertol VR-7 airfoils
measured in steady flow (all
tunnel dimensions in meters).
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The variation of dynamic-~stall airlcads with mean angle for the NACA 0012
at My, = 0.3, a = a, + 10* sin wt, and k = 0.10; solid lines denote increas-

ing a.
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The effect of mean angle on the time history of pitching moment coefficient:

NACA 0012 airfoil: M_ = 0.3; ay = 10¢, and k = 0.10.
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Figure 5. Tha important stall events for four different types of boundary-layer
separation; Ma = 0.25; a = 15° + 10° sin wt; and k = 0.10. (Circles
indicate laminar bubble.)
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f Pigure 6. Loci of the initial boundary-layer flow reversal at various Mach numbers
for a = 15° + 10° sin wt and k = 0.10.

Estimates of the local instan- Figure 8. Maximum lift on the various
taneous Mach number in the airfoils in steady flow.
loading-odqo region for

a2 = 18° + 10° sin wt and

k = 0.10.
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Figure 9. Maximum lift in steady flow and at the dynamic-stall onset condition for
M_ = 0.30, a = g * 10° sin wt, and k = 0.10. .
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Pigure 10. Dynamic airloads in the light-stall regime at My » 0.30, a = 10°* + 5° sin wt,
and k = 0.10; solid linaes denote increasing a, dotted lines denote static
d.u.
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Figure 11. Dynamic airloads in the deep-stall regime at M_ = 0.25, a = 15° + 10° sin ut,
and k = 0.10; short dashed lines denote static data.
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Figure 12. Maximum lift in the deep-stall regime for a = 15° + 10° sin wt and
k = 0.10; solid symbols denote static Ct-mx‘
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Pigure 13. Maximum dynamic lift at Me = 0.295, a = 15° + 10° sin wt and k = 0.10;
dotted lines denote static data.
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Pigure 14. The variation in dynamic airloads on the VR=7 airfoil with reduced fre-
quency. M_ = 0.30 and a = 15° + $° sin ut.
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Figure 15. Pressure distributions on the VR-7 airfoil at M, = 0.30 and
a = 15° + 5° sin ut.
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Figure 16. Loci of boundazz-layez flow reversal on the VR-7 airfoil at M = 0.30
and o = 15° + 5° sin ut,
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Pigure 17. Dynamic airloads on the SC-1095 airfoil for ay = 15° and alk = 0.17.
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Figure 18. Dynamic airloads on the SC-1095 airfoil for a

a, deg

2
max ™ 20°* and °1k = 0.002.
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Figure 19. Pitch damping boundaries at Ms = 0.30 for small amplitude oscillation;
crosshatched regions denote ¢ = 0.
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Figure 20. Comparison of retreating and advancing blade characteristics.

x/c x/e

f Figure 21. Sketches of transonic flow corresponding to retreating and advancing
i blade conditions.
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